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Using pressure pulse seismology to examine basal criticality and the
influence of sticky spots on glacial flow
Abstract
Here we report results of water pressure pulse studies conducted at Storglaciären (Sweden) and West
Washmawapta Glacier (British Columbia, Canada). Comparison of pressure pulse records with
meteorological conditions at Storglaciären indicates that several periods of increased basal slip activity
observed during a 10 day interval of summer 2008 were due to precipitation loading of the glacier surface,
rather than to infiltration of surface water to the glacier bed; this indicates that the glacier bed was close to the
failure strength for much of this interval. Pressure pulse magnitudes for the two glaciers were well-fit by power
law distributions similar to those earlier observed at Trapridge Glacier (and similar in form to the Gutenberg-
Richter relationship commonly used in seismology), suggesting that the mechanical processes that give rise to
these distributions are robust features of soft-bedded glaciers. In contrast, interevent time distributions for
both glaciers diverge from those observed at Trapridge Glacier for short recurrence intervals, suggesting that
the factors that govern the rate at which these processes occur differ between glaciers. An examination of
pressure pulse characteristics at West Washmawapta Glacier indicates that the establishment of a basal
drainage system in summer 2008 resulted in increased stability and reduced sensitivity to meltwater input,
suggesting that common assumptions about the relationship between meltwater production and ice flow are
oversimplified. These results demonstrate that water pressure pulse observations can provide valuable insight
into the dynamics of soft-bedded glaciers.
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[1] Here we report results of water pressure pulse studies conducted at Storglaciären
(Sweden) and West Washmawapta Glacier (British Columbia, Canada). Comparison of
pressure pulse records with meteorological conditions at Storglaciären indicates that
several periods of increased basal slip activity observed during a 10 day interval of
summer 2008 were due to precipitation loading of the glacier surface, rather than to
infiltration of surface water to the glacier bed; this indicates that the glacier bed was close
to the failure strength for much of this interval. Pressure pulse magnitudes for the two
glaciers were well‐fit by power law distributions similar to those earlier observed at
Trapridge Glacier (and similar in form to the Gutenberg‐Richter relationship commonly
used in seismology), suggesting that the mechanical processes that give rise to these
distributions are robust features of soft‐bedded glaciers. In contrast, interevent time
distributions for both glaciers diverge from those observed at Trapridge Glacier for short
recurrence intervals, suggesting that the factors that govern the rate at which these
processes occur differ between glaciers. An examination of pressure pulse characteristics
at West Washmawapta Glacier indicates that the establishment of a basal drainage system
in summer 2008 resulted in increased stability and reduced sensitivity to meltwater
input, suggesting that common assumptions about the relationship between meltwater
production and ice flow are oversimplified. These results demonstrate that water pressure
pulse observations can provide valuable insight into the dynamics of soft‐bedded glaciers.
Citation: Kavanaugh, J. L., P. L. Moore, C. F. Dow, and J. W. Sanders (2010), Using pressure pulse seismology to examine
basal criticality and the influence of sticky spots on glacial flow, J. Geophys. Res., 115, F04025, doi:10.1029/2010JF001666.
1. Introduction
[2] A common feature of glaciers and ice streams that
slide over their beds is that they generate seismic signals.
Seismic emissions of varying character have been detected
from beneath alpine glaciers [e.g., Van Wormer and Berg,
1973; Weaver and Malone, 1979; Deichmann et al., 2000;
Ekström et al., 2003], surging glaciers [e.g., Stuart et al.,
2005], major outlet glaciers of the Greenland Ice Sheet
[e.g., Ekström et al., 2006], and West Antarctic ice streams
[e.g., Anandakrishnan and Bentley, 1993; Wiens et al.,
2008], and are of interest because their study can shed light
on the processes that generate them.
[3] An alternate approach is to observe short‐term pres-
sure fluctuations (or “pulses”) that accompany these seismic
signals [Kavanaugh, 2009]; these pulses can be thought of as
simpler variants of the seismic stress tensor. Here we examine
pressure pulses recorded at Storglaciären (Sweden) and West
Washmawapta Glacier (British Columbia, Canada). In this
study, we use characteristics of these records to examine
(1) the dynamical response of Storglaciären to meteorological
forcings during a 10 day interval in summer 2008, (2) gen-
eral basal stress conditions at the two glaciers, and (3) the
evolution of dynamical conditions at West Washmawapta
Glacier during the establishment of basal drainage in summer
2008. The results demonstrate that pressure pulse observa-
tions can produce important new insights into the nature and
evolution of conditions at the bed of soft‐bedded glaciers.
2. Field Data
2.1. Storglaciären, Sweden
[4] Pressure values were recorded in two boreholes drilled
in Storglaciären (SG), Sweden (Figure 1), a soft‐bedded
polythermal glacier that has been the location of extensive
studies into glacier mechanics [e.g., Iverson et al., 1995] and
hydrology [e.g., Hock and Hooke, 1993; Fountain et al.,
2005]. The boreholes were located on the glacier center-
line approximately 200 m upglacier from the terminus. Ice
in this location is approximately 40 m thick, with a cold
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surface layer of ∼25 m thickness overlying temperate ice;
this cold layer ensures that the upper portion of boreholes
drilled there freeze closed within a few days (which permits
both negative pressure values and pressure heads in excess
of the local ice thickness to be achieved). The mean annual
surface velocity in this region is ∼9 m/yr, with slightly higher
summer velocities (∼11 m/yr); repeat borehole inclinometry
studies indicate that almost all of the measured surface
velocity here is due to basal motion [Moore, 2009]. The
boreholes for pressure pulse measurement were drilled to
within approximately 1 m of the glacier bed and instru-
mented with pressure transducers (Omega Engineering, Inc.
Model PX302; response time: 1 ms). These “blind” boreholes
were used to ensure that the volume of water contained in the
boreholes would remain constant during short‐term pulse
events (see Kavanaugh [2009] for additional details). The
transducers installed in these boreholes were sampled by a
Campbell Scientific CR1000 datalogger at a rate of 50 Hz
[Kavanaugh and Moore, 2010]. Three pressure values
were recorded at the end of each second: (1) the final
(i.e., fiftieth) pressure value measured during the 1 s interval
(which we will refer to as the “discrete” water pressure PD),
(2) the maximum of the 50 pressure values measured during
the second (PM), and (3) the minimum pressure measured
during the second (PN). Throughout this paper, water pressure
and pulse amplitude values are expressed in units of pres-
sure head (SI unit: m), which eases visualization and facili-
tates comparison with the flotation pressure head PF = H
I
W
(where H is the local ice thickness and rI = 917 kg m
−3 and
rW = 1000 kg m
−3 are the densities of ice and water,
respectively). Because the flotation pressure scales with ice
thickness, it provides a natural scaling factor for pressure
pulse magnitudes (defined in equation 1).
[5] Figure 2 shows pressure values recorded by trans-
ducers P1 (Figures 2c–2e) and P2 (Figures 2f–2h) between
14 August (day 227) and 30 November (day 335) 2008.
Shown for comparison are air temperature (Figure 2a) and
precipitation (Figure 2b) values recorded at the Tarfala
Research Station located ∼1 km away (Figure 1). Tempera-
tures recorded during this period (Figure 2a) show gradual
cooling, and range between −17.8°C and +10.2°C. P1 was
installed 0.5 m above the bottom of a borehole drilled to a
depth of 39.5 m in a location where the glacier was approx-
imately 40.5m thick (indicated by depths of nearby boreholes
drilled to the glacier bed); the local flotation pressure is thus
PF ≈ 37 m. P2 was installed in a similar manner approxi-
mately 15 m downglacier from P1 in a borehole drilled to a
depth of 37m in 38m thick ice (PF ≈ 35m). Discrete borehole
water pressure PD values for P1 and P2 are shown as black
curves in Figures 2c and 2f, respectively. Following installa-
tion, both records exhibit pressure values that gradually
decrease for approximately one month, followed by generally
steady pressures of ∼26 m (P1) and ∼40 m (P2). Although
these pressures are, respectively, less than and slightly greater
than local flotation values (represented by the horizontal
dashed lines), they are not necessarily representative of basal
water pressures given the “blind” nature of the boreholes.
[6] For both transducers, maximum (blue) and minimum
(red) pressure values PM and PN are generally similar to
the discrete values, but exhibit brief (1 s) but significant
departures at various times throughout the record. For P1
(Figure 2c), the lowest minimum and highest maximum
pressure values captured during the record are−57m and 76m,
respectively; both values plot off‐scale. For P2 (Figure 2f),
extremal values range between 0.4 m and 54.0 m. Charac-
teristics of these brief pressure excursions, or “pulses”, are
revealed by plotting their amplitudes. Following Kavanaugh
[2009], we define positive and negative pressure pulse
amplitudes as DP+ = PM − PD and DP− = PN − PD,
respectively. Pulse amplitudes for transducer P1 are shown
in Figures 2d and 2e; those for P2 are shown in Figures 2g
and 2h. For P1, positive‐amplitude pulses are as large as
51 m (equivalent to ∼1.4 times flotation), and negative‐
amplitude pulses are as large as −83 m; this represents a
brief drop in pressure greater than twice the flotation value.
Pulse amplitudes for P2 were generally smaller that those
Figure 1. Index map of Storglaciären, Sweden, showing locations of boreholes P1 and P2 and the auto-
mated weather station. Easting and Northing values are given in the Swedish RT90 0.0g coordinate system.
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for P1, with extremal values of max(DP+) = 14.1 m and
min(DP−) = −40.0 m. During the 112 day record, transducer
P1 recorded 5347 pressure pulses equal to or larger than the
minimum pulse threshold of 1.2 m (a value that represents
twice the resolution of the datalogger’s analog‐to‐digital
converter; pulses with smaller amplitudes are indistinguish-
able from transitions between discretization levels). This total
is nearly evenly distributed between positive (n+ = 2693) and
negative (n− = 2654) pulses. P2 recorded 3900 pressure
pulses during the same interval, including n+ = 2469 positive
pulses and n− = 1431 negative pulses.
[7] Comparison of the pulse records for P1 and P2 shows
that the two records exhibit common periods of elevated
pulse activity; in addition, several such periods correspond
with times of measurable precipitation. These relationships
are further demonstrated in Figure 3, which shows (a) air
temperature, (b) incoming solar radiation, and (c) precipi-
tation values measured during the 10 day period spanning
21 September to 1 October (days 265–275) 2008, in com-
parison to discrete (black), maximum (blue) and minimum
(red) pressures recorded by transducers P1 (d) and P2 (e).
These data will be discussed in section 3.1.
2.2. West Washmawapta Glacier,
British Columbia, Canada
[8] West Washmawapta Glacier (WWG) is a small
(∼1 km2) cirque glacier in the Vermilion range of British
Columbia (Figure 4). The glacier sits in an overdeepened
bowl, and has a maximum ice thickness of ∼185 m. Surface
ice flow rates are generally low, with a peak mean annual
flow rate of ∼11 m/yr [Sanders et al., 2010]. Several pres-
sure transducers of identical make and model to those used
at Storglaciären were installed in 2007 to investigate
drainage system characteristics (C. F. Dow et al., Subsurface
hydrology of an overdeepened cirque glacier, submitted to
Journal of Glaciology, 2010). On 31 July (day 213) 2008,
two of these sensors (P4 and P8, described in Dow et al.,
submitted manuscript) were rewired to a CR1000 data log-
ger programmed to sample at 10 Hz and to record discrete
(PD), maximum (PM) and minimum (PN) pressure values at
10 s intervals; the third transducer discussed here (P10 in
Dow et al., submitted manuscript) measured water pressures
at 2 min intervals. These three sensors were installed at
∼100 m spacing along a transect that (1) was approximately
200 m upglacier from the crest of a riegel that marked the
downglacier extent of an overdeepening [determined by
Ground‐Penetrating Radar (GPR) survey; see Sanders et al.,
2010] and (2) trended across‐flow from a location approxi-
mately 100 m from the glacier margin toward the glacier
center (Figure 4). As in the case of Trapridge Glacier (TG)
and SG, the upper portion of boreholes drilled at WWG froze
closed within a week. In contrast to those used at SG, how-
ever, the boreholes in which transducers were installed at
WWG were drilled to the glacier bed, and unlike the bore-
holes used to record pressure pulses at Trapridge Glacier
(TG), the boreholes at WWG established hydraulic connec-
tions during the 2007 and 2008 summer seasons (Dow et al.,
submitted manuscript). Borehole video surveys indicate that
all locations in which the bed was reached at WWG were
underlain by soft basal sediments.
[9] Figure 5a shows hourly average air temperatures
recorded between 1 August (day 214), 2008 and 19 May
Figure 2. Instrument records between 14 August (day 227)
and 30 November (day 335) 2008 at Storglaciären. (a) Hourly
average air temperature record (solid line) with 0°C (dashed
line) shown for reference. (b) Hourly precipitation record.
(c) Discrete (black), maximum (blue), and minimum (red)
pressure values recorded by transducer P1, with the local
flotation pressure (dashed line) shown for comparison.
(d) Positive‐amplitude and (e) negative‐amplitude pulse
records for transducer P1. (f ) Discrete (black), maximum
(blue), and minimum (red) pressure values recorded by
transducer P2, with the local flotation pressure (dashed
curve) shown for comparison. (g) Positive‐amplitude and
(h) negative‐amplitude pulse records for transducer P2.
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(day 139) 2009 by an automated weather station located on
a moraine ∼300 m from the glacier margin (Figure 4).
Temperatures during this interval range between +20.7°C
on 18 August (day 231) 2008 and −33.7°C on 10 March
(day 70) 2009. Pressures recorded by transducer P4, which
was installed in a 77.3 m deep borehole on 14 August 2007,
are shown in Figure 5b. Discrete pressures (black) initially
measure ∼75 m, slightly greater than the local flotation value
of PF = 71 m (horizontal dashed line), and gradually
decrease to below‐flotation values over several weeks. Diur-
nal pressure variations begin on 18 August (day 231) and
persist until 6 October (day 280). Values for PM (blue) and PN
(red) show a great deal of pressure pulse activity, with mea-
sured pressures ranging between −113 m (thus plotting off‐
scale in Figure 5b) and 189 m. Pressure pulse valuesDP+ and
DP− are plotted in Figures 5c and 5d. A total of 199,260
pulses larger than 0.50 m (i.e., identifiably larger than the
∼0.35 m noise floor for pressure data recorded at WWG) was
recorded by P4 during the study period, including n+ = 98,607
positive‐amplitude and n− = 100,653 negative‐amplitude
pulses. The largest positive pulse measures 125 m (1.76 times
flotation), and the largest negative pulse measures −169 m
(−2.39PF).
[10] Figure 6 details air temperatures and basal water
pressures during 30 July to 28 September (days 212–272), a
60 day period spanning the onset of diurnal pressure var-
iations in the record of P4. Air temperatures (Figure 6a)
remain above freezing for much of this period, averag-
ing 5.3°C and reaching a maximum of 20.7°C on day 231
(18 August). The discrete pressure record for transducer P4
(Figure 6b, black curve) shows relatively steady, above‐
flotation values for the first part of the period, followed (as
noted above) by the onset of diurnal variations on day 231
and generally decreasing pressures. Maximum and minimum
pressures, PM (blue) andPN (red), respectively, exhibit a large
number of brief pressure excursions, with n+ = 62,930 and
n− = 63,788 for the interval.
[11] Strong responses were observed during this interval
in the records of pressure transducers P8 and P10. Transducer
P8 (Figure 6d) was installed in a hydraulically connected,
137 m deep borehole on 17 August 2007 (Dow et al., sub-
mitted manuscript). Following reprogramming to record
pressure pulses on 1 August (day 214) 2008, observed dis-
crete pressure values (black) gradually rise until 8 August
(day 221). On that day, several changes occur in the record
of P8, including abrupt changes in measured pressure and
intervals of out‐of‐range pressure values. Between this time
and 18 August (day 231), pressure values remain largely
out‐of‐range, although PN values (red) drop intermittently
to measurable values. No measurable pressure values are
detected following 0019:40 on 18 August (day 231). Trans-
ducer P10 (Figures 6d and 6e) was installed in a 150 m deep
borehole on 24 August 2007. A video survey of the borehole
performed following drilling revealed that a rock had dis-
lodged from the borehole wall and partially blocked the
borehole at a depth of 71 m; the pressure transducer was
installed just above this obstruction (Dow et al., submitted
manuscript). The record for P10 shows pressure values that
are steady and near flotation (represented by the horizontal
dashed line) for the first part of the record, followed by an
abrupt drop to −100.4 m at 0100:00 on 18 August (day 231).
Following this drop, pressure values exhibit diurnal pressure
variations of 3–18 m amplitude superimposed onto a near‐
monotonic increase. These diurnal pressure variations are, in
general, nearly anti‐phased with respect to those of P4; a
similar relationship was observed during summer 2007 (Dow
et al., submitted manuscript). Pressure values reach a post‐
drop high of −48.5 m at 1158:00 on 12 September (day 256),
which is followed by an additional drop to −113.2 m at
Figure 3. Instrument records between 21 September (day
265) and 1October (day 275) 2008 at Storglaciären. (a) Hourly
average air temperature record (solid curve) with 0°C (dashed
line) shown for reference. (b) Hourly average incoming solar
radiation and (c) precipitation records. Discrete (black), max-
imum (blue), and minimum (red) pressure values recorded by
(d) transducer P1 and (e) transducer P2, with local flotation
pressures (dashed line) shown for comparison. Hourly num-
ber of (f ) positive‐amplitude and (g) negative‐amplitude
pulses recorded by transducer P1.
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1200:00. All subsequent values for P10 measure out‐of‐
range. Following Kavanaugh and Clarke [2001], Figure 6e
shows P10 pressures with the 238 m pressure drop on day
231 removed (dotted curve); the uncorrected record is also
shown (solid curve). Figure 6f will be discussed in a later
section.
3. Analysis and Discussion
[12] Pressure pulses have been observed at all three gla-
ciers where pulse‐monitoring studies have been undertaken.
Although TG, SG, and WWG are soft‐bedded, they differ in
behavior and/or setting: TG is a surging valley glacier; SG a
non‐surging valley glacier; andWWG is a small, non‐surging
cirque glacier. At each, thousands of small‐amplitude pulses
have been recorded, as were a small number of pulses
exceeding the local flotation pressure. While the monitor-
ing circuit used at TG could only detect positive‐amplitude
pressure pulses, the use of rapid repeated sampling allowed
both positive and negative pulses to be directly measured at
SG andWWG. To date, only maximum and minimum values
associated with these pressure pulses have been recorded.
As a result, the true waveform of these phenomena remains
unclear, as do the dynamical differences between events that
generate pulses with positive and negative amplitudes. These
uncertainties warrant further investigation.
[13] Earlier studies byKavanaugh andClarke [2000, 2001]
and Kavanaugh [2009] at TG established that pressure pulses
are generated by basal motion‐induced stress transients that
compress water within the borehole. For those studies, the
timing of pressure pulses (or of pulse‐induced pressure trans-
ducer damage) was compared to contemporaneous responses
in the records of other instruments, including pressure trans-
ducers, geophones, ploughmeters, and vertical strain sensors.
Although fewer instrument records are available for com-
parison with the SG and WWG pressure pulse records, the
pressure pulse records can provide useful information about
dynamical characteristics of these glaciers. In the following
sections, we will discuss (1) the correlation between precip-
itation and pressure pulse activity at Storglaciären during
summer 2008, (2) magnitude and interevent time distribu-
tions for the Storglaciären and West Washmawapta Glacier
pressure pulse records, and (3) changes in pulse magnitude
distributions following development of a basal drainage
system at West Washmawapta Glacier during summer 2008.
3.1. Dynamical Response of Storglaciären
to Meteorological Forcings
[14] Visual inspection of Figure 3 indicates that several
intervals of increased pressure pulse activity occur during
the 10 day period shown. Furthermore, comparison between
the pressure records for P1 and P2 (Figures 3d and 3e)
and the measured meteorological parameters suggests that
while intervals of pressure pulse activity are poorly correlated
with air temperature and incoming solar radiation values
(Figures 3a and 3b), they appear to be well‐correlated with
precipitation (Figure 3c) during this interval. In order to
determine whether these relationships are statistically sig-
nificant, we performed cross‐correlation calculations between
the number of pressure pulses detected per hour (the “pulse
rate”) and measured air temperature, incoming solar radia-
tion, and precipitation.
[15] Figure 7 shows results for cross‐correlation calcula-
tions for positive (blue) and negative (red) pressure pulse
rates recorded by transducer P1. Correlation between the
pressure pulse rate and air temperature is generally poor
Figure 4. Index map of West Washmawapta Glacier, B. C., Canada, showing locations of boreholes P4,
P8, and P10 and automated weather station. Coordinates are given in Universal Transverse Mercator Zone
11N.
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(∣r∣ ≤ 0.22) and shows no distinct peak, suggesting that pulse
activity is only weakly correlated with air temperature during
this interval. Maximum correlation between the pulse rate and
incoming solar radiation (Figure 7b) is achieved at a lead time
(i.e., radiation leading pulse activity) of 9 hr. (The secondary
peak at lag +15 hr represents correlation with the following
day’s radiation signal). The cause of the 9 hr lag between
incoming solar radiation and pulse activity is not known. One
possibility is that the intensity of radiation received in the
ablation zone differs significantly from that recorded at the
Tarfala Research Station (located ∼1 km away; see Figure 1).
The meteorological station is on fairly level ground and gets
good mid‐day sun from the south even when the sun angle is
low in the fall (the period of pressure pulse measurements). In
contrast, a good part of the glacier is shaded from the late
season sun by a steep wall to the south. The glacier’s eastward
aspect and steep surface slopes in the lower ablation area
(factors not corrected for in Figure 3b) suggest that the
amount of solar radiation received there is likely greatest
during morning hours. It is not clear whether these factors are
sufficient to explain the observed lag, however.
[16] Stronger correlation is observed between precipitation
and the pressure pulse rate (Figure 7c), with a peak correlation
of r = +0.63 at zero lag. Correlation between precipitation and
pulse rates drops off substantially with non‐zero lag times,
dropping to r = 0.38 and r = +0.42 for lead and lag times of
1 hr, respectively. (If cross‐correlations are calculated using
the integral of pressure pulse amplitudes over each 1 hr
interval, rather than the pulse rate, r values differ from those
shown in Figure 7 by less than ±0.05; similarly, the forms
of the phase relationships are unchanged. Peak correlation
between precipitation and the integrated pressure pulse signal
Figure 6. Instrument records between 30 July (day 212)
2008 and 28 September (day 272) 2009 atWestWashmawapta
Glacier. Vertical dotted lines delineate 10 day intervals for
which pressure pulse magnitude and interevent time distri-
butions are shown in Figure 10, and the horizontal dashed
lines in (Figure 6b–6e) represent the local flotation pressure.
(a) Hourly average air temperature record (solid curve) with
0°C (dashed line) shown for reference. Discrete (black),
maximum (blue), and minimum (red) pressure values recorded
by (b) transducer P4 and (c) transducer P8. (d) Uncorrected
(solid curve) and (e) corrected (alternating dots and dashes)
pressure values recorded by transducer P10. (f) Values for the
pressure pulse magnitude power law exponent b for positive‐
amplitude (blue) and negative‐amplitude (red) pulses recorded
by transducer P4, calculated for 2 day intervals; see text.
Figure 5. Instrument records between 1 August (day 214)
2008 and 19 May (day 139) 2009 at West Washmawapta
Glacier. (a) Hourly average air temperature record (solid
curve) with 0°C (dashed line) shown for reference.
(b) Discrete (black), maximum (blue), and minimum (red)
pressure values recorded by transducer P4, with the local flo-
tation pressure (dashed line) shown for comparison. (c) Pos-
itive‐amplitude and (d) negative‐amplitude pulse records for
transducer P4.
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is r = +0.61 at zero lag.) Ameasurable amount of precipitation
(≥0.16 m/hr) fell during 59 of the 240 one‐hour intervals
spanning this period. Transducer P1 recorded 893 positive‐
amplitude pressure pulses during this period, 568 (63.6%) of
which occurred during intervals in which measurable pre-
cipitation fell. Similar relationships are observed between
precipitation and negative pulses from P1 (with 333 of 644
pulses occurring during times of measurable precipitation),
and for both positive (494 of 862 pulses) and negative (293 of
555 pulses) pulses for transducer P2. Given that times dur-
ing which measurable precipitation fell represent <25% of
the interval represented in Figure 3, these records indicate a
significant correlation between precipitation and pressure
pulse activity during this period.
[17] Air temperature is the dominant control on surface
ablation, and solar radiation is a second‐order control [e.g.,
Hock, 1999]. Air temperatures reach a peak of +8.8°C on
the first day of this interval and remain above freezing for
the first four days; for the remaining six days, temperatures
vary between −5.3°C and +2.2°C. Peak daily solar radiation
values during this period range ∼90–320Wm−2. Given these
values, it is reasonable to expect that surface melt was occur-
ring [see, e.g., Figures 3 and 5 of Hock, 1999]. Despite this,
correlations between pulse rates and both air temperature and
solar radiation are poor, and very little pressure pulse activity
is seen during day 265, when air temperatures are highest.
These observations suggest that pressure pulse activity dur-
ing this interval was not related to meltwater production. In
contrast, precipitation and pulse activity are strongly corre-
lated. Given that water reaching the bed should have the same
influence on basal processes regardless of its provenance, this
raises the question of whether the strong correlation between
increased pulse activity and precipitation is due to penetration
of that water to the ice–bed interface or to some other factor.
[18] As noted above, pressure values indicated in the
records for P1 and P2 do not necessarily represent con-
ditions at the glacier bed given their installation in blind
boreholes. As no other reliable pressure records exist during
this period, it is not possible to determine whether the per-
iods of elevated pressure pulse activity are accompanied by
changes in subglacial water pressure. However, SG has been
the subject of numerous hydrological studies, and the hydro-
logical characteristics of this region of the glacier are relatively
well known. Because of a cold surface layer of 20–40 m
thickness, ice in the lower region of the glacier is imperme-
able to surface water [Holmlund and Eriksson, 1989]; fur-
thermore, the relatively steep (∼15–25°) surface slopes in this
area facilitate development of an efficient supraglacial sum-
mer drainage system. For these reasons, surface waters in
the lower reaches of the glacier are drained supraglacially,
and any basal water found there entered the englacial sys-
tem through moulins and crevasses located some distance
upglacier [Hock and Hooke, 1993]. Surface waters entering
these upglacier locations, whether generated by surface melt
or accumulated from precipitation, would therefore likely
take similar paths to the glacier bed, and would thus experi-
ence similar lag times between entry into the englacial system
and transport to the bed. Dye‐tracing experiments by Hock
and Hooke [1993] suggest that transit times in the lower
portion of the glacier range 1–4 hr. These times are both
substantially shorter than the 9 hr lag seen between incoming
solar radiation and pulse rates (Figure 7b) and longer than that
between precipitation and pulse rates (Figure 7c). This sug-
gests that the strong correlation between precipitation and
pressure pulse activity is not due to an influence on basal
processes, but rather to some other forcing.
[19] One potential forcing might be triggering due to
water loading of the ice surface. Unlike water generated by
surface melt (which would have neutral impact on the gla-
cier’s mass), the addition of water mass during precipitation
events would increase the total glacier mass, thus increasing
the gravitational driving stress. If basal stresses are main-
tained near the yield strength (as suggested by Kavanaugh
[2009]), this small perturbation might be enough to trigger
failure. We interpret these data to indicate that shear stresses
at the bed in the lower portion of Storglaciären were near
failure during much of this interval. Similar responses to
precipitation loading (though during winter months) was
reported by Clarke [2003] for Trapridge Glacier. These
observations provide further evidence that the Coulomb
failure behavior of sediments allows basal stresses of soft‐
bedded ice masses to be maintained at the threshold of failure
[Kavanaugh, 2009].
3.2. Pressure Pulse Magnitude and Interevent
Time Distributions
[20] Analysis of pressure pulses recorded at Trapridge
Glacier by Kavanaugh [2009] showed that pressure pulse
magnitudes MDPi, defined as
MDPi ¼ log10
j DPi j
PF
ð1Þ
Figure 7. Cross‐correlation between pressure pulse activ-
ity recorded by transducer P1 between 21 September (day
265) and 1 October (day 275) 2008 at Storglaciären and
(a) mean hourly air temperatures, (b) incoming solar radia-
tion, and (c) hourly precipitation. Plotted are Pearson’s cor-
relation coefficients r as a function of the lag between the
meteorological variables and positive (blue) and negative
(red) pressure pulse activity (defined as the number of
pulses recorded per hour).
KAVANAUGH ET AL.: PRESSURE PULSE SEISMOLOGY F04025F04025
7 of 14
(where i = +, −), fit a power law distribution of the form
Nðm  MDPiÞ / ðDPiÞb ð2Þ
over approximately two orders of magnitude; this relation-
ship is similar to the Gutenberg‐Richter relationship com-
monly used to describe earthquake magnitude distributions
[Gutenberg and Richter, 1954]. Similarly, the distribution of
interevent times (the wait time ti between consecutive posi-
tive (i = +) or negative (i = −) pressure pulses of magnitude
greater than a specified value) was well‐fit over nearly four
orders of magnitude by a power law function of form
Nðt  iÞ / i : ð3Þ
So defined, equations (2) and (3) are “cumulative” distribu-
tions, counting the number of occurrences with magnitudes
m ≥ MDPi and interevent times t ≥ ti. This formulation
minimizes the potential difficulties associated with mea-
surement rates and pressure resolution differences between
studies. The sampling and recording frequencies of 50 Hz and
1 Hz, respectively, employed at SG means that there is a 2%
probability that the maximum and/or minimum pressure
value recorded during each interval will coincide with the
discrete pressure measurement; similarly, the sampling and
recording intervals of 0.1 s and 10 s employed at WWG yield
a 1% chance that the discrete pressure will represent the
maximum or minimum to be recorded during a given interval.
Although this is likely to have an impact on the distribution
curves, this impact is much smaller than would result from
smoothing or averaging of the discrete pressure record.
Therefore, in order to minimize the introduction of artifacts
into the distributions, all magnitude and interevent time dis-
tributions shown in Figures 8–10 were calculated using va-
lues for PD, PM, and PN as recorded by the dataloggers.
3.2.1. Pressure Pulse Magnitude Distributions
[21] Figure 8 shows pressure pulse magnitude distribu-
tions for pressure pulses recorded by SG transducers P1
(Figure 8a) and P2 (Figure 8b) and WWG transducers P4
(Figure 8c) and P8 (Figure 8d). Minimum observed pulse
magnitudes were determined by the lower detection limit of
pulses at each glacier (−1.5 and −2.2 for SG and WWG,
respectively), and maximum pulse values ranged between
−0.39 (P2, positive pulses: Figure 8b, blue) and +0.38 (P4,
negative pulses: Figure 8c, red). Observed pulse magnitude
distributions for both glaciers are generally linear between
their lower‐magnitude limits and MDPi ≈ −0.5. Above this
value, the curves diverge from this linear trend, showing
either fewer or more pulses than the linear trends over the
rest of the distribution would indicate. These distributions
thus exhibit characteristics similar to those recorded at TG
[Kavanaugh, 2009]. The observed departures from linearity
at large pulse magnitudes are likely a consequence of the
Figure 8. Pressure pulse magnitude distributions recorded
at (a, b) Storglaciären with transducers P1 and P2 and (c, d)
West Washmawapta Glacier with transducers P4 and P8.
Shown are the number of positive‐amplitude (blue) and
negative‐amplitude (red) pressure pulses with magnitude
m ≥ MDPi for each transducer, with power law exponent
b = 1 shown in each panel as the dashed line.
Figure 9. Pressure pulse interevent time distributions
recorded at (a, b) Storglaciären with transducers P1 and
P2 and (c, d) West Washmawapta Glacier with transducers
P4 and P8. Shown are the number of intervent times t ≥ ti
for positive‐amplitude (blue) and negative‐amplitude (red)
pressure pulses with magnitudes MDPi ≥ −1.5 for each
transducer; power law exponent g = 1 shown in each panel
as the dashed line. Vertical dotted lines represent interevent
times of 10 s and 120 s (the recording intervals employed
at WWG and TG, respectively). The vertical dotted lines
represent interevent times of 120 s, the recording interval
employed for transducers P4 and P8 at TG, and the green
curve in Figure 9c represents a least squares best fit to an
exponential function for positive‐amplitude pulses.
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statistical rarity of high‐magnitude events [Bak, 1996]. For
example, the negative‐amplitude pulse distribution for trans-
ducer P1 at Storglaciären (Figure 8a, red) departs from line-
arity at magnitudeMDP− = −0.4; only 9 pressure pulses larger
than this were recorded. For positive pulses (blue), the depar-
ture from linearity occurs at a point on the curve represented
by just two pulses. These portions of the distribution curves
represent approximately 0.3% and 0.1% of the n− = 2654 and
n+ = 2693 pressure pulses recorded by that sensor, respec-
tively. Similarly, the departure from linearity for negative‐
amplitude pulses in the record for P4 of WWG (Figure 8c,
red), occurs at a point represented by ∼300 pulses, or approx-
imately 0.3% of the ∼100,000 pulses recorded by that sensor.
The records from SG and WWG shown in Figure 8 and the
record from TG in Kavanaugh [2009] suggest that pressure
pulse magnitudes are generally well‐represented by power
law distributions of the form of equation 2 and with b values
ranging between ∼1 and ∼2.5. Table 1 gives values for the
pressure pulse magnitude distribution power law exponents
b+ and b− determined by least squares fitting over the range
−1.45 ≤ MDPi ≤ −0.45 for SG and −2.0 ≤ MDPi ≤ −0.5 for
WWG; given for comparison is the b+ value for pressure
pulses recorded at Trapridge Glacier from Kavanaugh
[2009].
[22] Although detected pressure pulse magnitudes range
from the lower detection limit to greater than the local flo-
tation pressure, the occurrence of significantly larger events
at West Washmawapta Glacier is indicated by (1) the abrupt
changes in the pressure record of transducer P8 (Figure 6c),
(2) the out‐of‐range values reported by the same transducer,
(3) the abrupt drop to negative values in the record of trans-
ducer P10 (Figure 6d), and (4) the subsequent failure of
P10 on day 231. Similar features were observed in pres-
sure records by Kavanaugh and Clarke [2000, 2001] and
Kavanaugh [2009]. A laboratory study by Kavanaugh and
Clarke [2000] indicated that the abrupt offsets observed in
pressure records from Trapridge Glacier resulted from pres-
sure pulses of order 103 m (104 kPa). Because the transducers
used at WWGwere from a different manufacturer and carried
a higher maximum pressure rating, the pressure offset esti-
mates from that study are not applicable here. Although the
magnitudes of these largest pulses remain unknown, their
impact on the distributions shown in Figures 8, 9, and 10 is
likely to be minor. While their inclusion would modify the
number of events at the upper limits of the magnitude dis-
tributions, their capture could act to maintain the linearity and
slopes of the distributions over longer observation periods.
(Because the y intercept value n increases as the product of
the pulse rate and the length of observation, its value neces-
sarily increases over time. Therefore, in order to maintain a
linear distribution, increasingly larger pulses must be observed
as the length of observation increases.) Given the apparent
rarity of extreme pulses with respect to the large number of
observed smaller events, their inclusion would likely have no
significant impact on the interevent time distributions. Also
worth noting is that of the three glaciers monitored for pres-
sure pulses, WWG exhibited the greatest pressure pulse
activity. If the processes responsible for pressure pulse
generation are important for basal erosion (as suggested by
Kavanaugh [2009]), the high level of pressure pulse activity
Figure 10. Pressure pulse magnitude and interevent time
distributions recorded at West Washmawapta Glacier during
4–14 August (days 217–227) and 13–23 September (days
257–267). Power law exponent b = 1 shown in each panel
as the dashed line. (a) Pressure pulse magnitude distribu-
tions for transducer P4. The blue and red curves represent
the number of positive‐amplitude and negative‐amplitude
pulses, respectively, with magnitudes m ≥ MDPi recorded
during days 217–227; the green and magenta curves repre-
sent the number of positive and negative pulses recorded
during days 257–267. (b) Pressure pulse interevent time dis-
tributions for transducer P4; the color convention follows
that of Figure 10a. Shown are distributions for pulses with
magnitudes MDPi ≥ −1.5.
Table 1. Summary of Pressure Pulse Characteristics
Transducer Duration n+ n− b+ b− g+ g−
Trapridge Glacier
P1 231 d 7,422 n/a 0.97 n/a 1.78 n/a
Storglaciären
P1 112 d 2,693 2,654 2.46 1.96 0.40 0.46
P2 112 d 2,469 1,431 2.13 2.33 0.51 0.51
West Washmawapta Glacier
P4a 290 d 98,607 100,653 1.34 1.30 0.77 0.78
P4b 10 d 21,718 21,881 1.16 1.12 2.05 2.33
P4c 10 d 5,094 5,250 1.50 1.52 0.97 1.04
aFull record.
bPrior to drainage system establishment; see text.
cFollowing drainage system establishment; see text.
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at WWG might indicate that the overdeepened region of this
cirque glacier is still actively eroding.
3.2.2. Pressure Pulse Interevent Time Distributions
[23] Interevent time distributions for pulses with magni-
tudesMDPi > −1.5 for transducers installed in SG and WWG
are shown in Figures 9a, 9b (transducers P1 and P2) and
Figures 9c, 9d (P4 and P8), respectively. Minimum interevent
times are determined by the recording intervals (1 s at SG and
10 s at WWG), and maximum observed interevent times
range between 0.2 d (P8, Figure 9d) and 10.8 d (P2, Figure 9b).
Table 1 gives values for interevent time distribution power
law exponents g+ and g− determined by least squares fitting
over the range 0.01 d ≤ ti ≤ 1.00 d for SG and 0.01 d ≤ ti ≤
0.10 d for WWG; included for comparison is the g+ value for
pressure pulses recorded at Trapridge Glacier [Kavanaugh,
2009].
[24] The interevent time distribution from Trapridge
Glacier reported inKavanaugh [2009] is approximately linear
from the recording interval of 2 min to ∼4 d, a range covering
nearly four orders of magnitude. In contrast, the distribu-
tions for both SG and WWG exhibit decreased activity (i.e.,
shallower slopes) at low interevent times, and P1 (Figure 9a)
shows a slight dip in the number of interevent times of
intermediate (∼4 min < ti < ∼0.5 d) value. While departures
from linearity at large interevent times are likely due to
undersampling of statistically rare values, the observed
departures at low interevent time values occur in regions
represented by thousands or tens of thousands of events,
and therefore represent real deviations from power law
distributions. Two points are worth noting here: (1) The
interevent time distributions for the SG records are approx-
imately linear down to ti ≈ 1 min. This raises the possibility
that a similar drop‐off was missed at Trapridge Glacier due to
the longer measurement interval employed there. (2) The
distributions for West Washmawapta Glacier records deviate
from linearity for ti < ∼15 min. The convex‐upward shape
of these distributions is intermediate in form between that
of a power law function, which appears as a straight line
on a log‐log plot, and an exponential function, for which a
sample least squares fit is shown in Figure 9c (green
curve).
3.2.3. Implications for Basal Stress Conditions
[25] The pressure pulse records from Trapridge Glacier,
Storglaciären, and West Washmawapta Glacier suggest
that the power law pressure pulse magnitude distribution of
equation 2 (and thus the linear character of these values in
log‐log plots) is a robust characteristic of these signals. In
contrast, interevent time distributions range from power law
(in the case of Trapridge Glacier, at least over the range of
times resolved by that study) to near‐power law (Storglaciären)
to near‐exponential (West Washmawapta Glacier). These
characteristics might result from variations in the relative
importance of frictional and ice‐viscous processes to the
reloading of pinning points at the glacier bed following a
slip event.
[26] To explore this possibility, we consider two scenar-
ios. In the first, let us assume that the gravitational driving
stress at a particular glacier is resisted entirely by traction
provided by a large number of pinning points at the glacier
bed; let us further assume that each of these pinning points
is very near the Coulomb failure stress. Under these con-
ditions, failure at one pinning point would result in the
transfer of stress to neighboring pinning points. This transfer
might result in a (minimally) stable stress distribution in
which no additional pinning points fail, or it might cause
the failure of one or more neighboring points. In the latter
case, additional slip and a further redistribution of stresses
results; this process would continue until stress equilibrium
is achieved. In this manner, failure at a single point can
cascade into an event of nearly any size (within the region
of near‐failure stress values). Because small‐scale cascades
are common, and larger‐scale cascades increasingly rare
with increasing size, the result is a power law distribution of
pressure pulse magnitudes [Kavanaugh, 2009]. Once stress
equilibrium is re‐established, the result is only minimally
stable, as the points onto which the stress was redistributed
are now closer to failure. In this state, it is likely that addi-
tional slip events will occur after a very short time interval,
and given that the shear stress at the initial location of slip is
now below the Coulomb failure stress, it is also likely that
subsequent failures will re‐load that pinning point. In this
manner, individual pinning points can fail and be re‐loaded
repeatedly at short interevent times. As in the case of earth-
quake dynamics (which function similarly; see Bahr and
Rundle, [1996]; Kavanaugh [2009]), the probability of sub-
sequent failure decreases with increasing interevent times, as
the more stable a given stress configuration, the greater the
probability that it will persist [see, e.g., Bak, 1996]. For a
glacier bed that is everywhere near the Coulomb failure stress
(i.e., for a bed in “critical state”), these mechanisms result in a
power law interevent time distribution like that derived by
equation 3. (It is important to note that in the above discus-
sion, stresses are redistributed to neighboring points at a rate
determined by the elastic, rather than viscous, properties of
the ice; such redistribution would thus occur at the p‐wave
velocity of the ice, ∼3850 m s−1 [Kohnen, 1974; Descamps,
2009].)
[27] In the second scenario, let us consider a situation
similar to the first, but with the addition of a nearby region
in which stresses remain below the failure stress. This region
might represent a “sticky spot” resulting from changes in the
properties of basal materials or a physical obstacle to flow.
Let us again assume that basal stresses are everywhere near
failure (with the exception of the sticky spot). As in the first
scenario, slip at a pinning point results in a redistribution
of stresses to neighboring pinning points; similarly, this
redistribution can cascade to nearly any size within the region
of near‐failure stresses. However, if a portion of the basal
stress is transferred to the sticky spot (in which stresses
remain below failure), the probability that the initial point of
failure will be quickly re‐loaded is reduced, resulting in a
suppression of pulse events at low interevent times. Stresses
on the pinning points are likely to remain below failure until
they are re‐loaded by viscous deformation of the ice. In this
scenario, the power law pressure pulse magnitude distribu-
tion is maintained (because of the near‐immediate elastic
redistribution of the initial stress perturbation), but short‐
interevent‐time recurrences of failure are suppressed (due to
the stable loading of a nearby sticky spot). This reasoning
suggests that stresses at the bed are controlled by frictional
processes in regions where the interevent time distribution is
well‐fit by a power law function of the form of equation 3,
KAVANAUGH ET AL.: PRESSURE PULSE SEISMOLOGY F04025F04025
10 of 14
and that viscous ice creep plays a significant role in regions
for which the interevent time distributions deviate signifi-
cantly from a power law at low t values.
[28] This interpretation provides a context for the differ-
ences in the interevent time curves observed at the three
glaciers. The study area of Trapridge Glacier is known to
be underlain by a layer of soft, deformable sediments [e.g.,
Blake et al., 1992; Stone, 1993; Kavanaugh and Clarke,
2006], and the glacier bed in this region is relatively
smooth [Flowers and Clarke, 1999]. Ice flow in this region
is generally uniform and is due, almost entirely, to basal
motion [Blake, 1992]. Given these conditions, it is feasible
that basal motion is controlled by critical‐state failure dynam-
ics, as is suggested by the observed power law interevent
time distribution. (Here “critical state” refers to a state in
which a complex system exhibits no characteristic time or
length scale; see, e.g., Bak et al. [1988]; Kavanaugh [2009].)
In contrast, the study site at West Washmawapta Glacier is
located near the lateral margin of the glacier and just up‐flow
from a bedrock riegel in a region with an adverse basal slope
[Sanders et al., 2010]; the significant departure from a power
law distribution at low interevent times observed here might
therefore indicate that the riegel provides an effective phys-
iographic obstacle to flow. Conditions at Storglaciären might
be expected to fall between these two extremes: the study site
here is soft‐bedded and flow results mainly from basal
motion, but flow in this near‐terminal region shows gen-
erally uniform longitudinal compression [Moore, 2009].
Further study will be necessary to determine the factors
that control the form of these distributions.
3.3. Evolution of Dynamical Conditions
During Establishment of Basal Drainage
at West Washmawapta Glacier
[29] As was noted by Kavanaugh [2009], a useful dynam-
ical analogue to the mechanisms responsible for generating
pressure pulses can be found in earthquake “swarm” behav-
ior. Such swarms, or periods of elevated earthquake activity,
are thought to be caused by structural inhomogeneities and/or
intrusion of fluid into the fault zone [see, e.g., Hill, 1977].
Earthquakemagnitudes during these swarms typically exhibit
power law distributions [e.g., Scholz, 1968; Sykes, 1970;
Hainzl, 2003], and both power law and quasi‐exponential
interevent time distributions have been observed during swarm
events [e.g., Hainzl and Fischer, 2002]. A 2000 earthquake
swarm event in Vogtland/NW Bohemia was inferred to have
been initiated by the intrusion of fluids into the fault zone
[Hainzl and Fischer, 2002;Hainzl, 2004], suggesting that the
initiation of an earthquake swarm might result from forcings
similar to those that occur when surface waters reach the
glacier bed following the onset of seasonal melt [Kavanaugh,
2009]; similarly, increased seismicity has been attributed to
fault zone lubrication due to fluid injection into wells [e.g.,
Raleigh et al., 1976] and rainfall infiltration [e.g., Hainzl
et al., 2006]. In this section, we investigate whether pres-
sure pulse magnitude and interevent time distributions can
provide additional information about the evolution of glacier
dynamics around the time basal drainage was established
at WWG in 2008.
[30] Figures 6a–6e show air temperature and basal water
pressure values recorded at West Washmawapta Glacier
during a 60 day period of summer 2008 that includes the onset
of diurnal pressure variations in the record of P4 (Figure 6b).
Air temperature values during this time (Figure 6a) indicate
three intervals of sustained warmth, spanning days 218–222,
227–232, and 259–265; the onset of diurnal pressure varia-
tions occurs during the second of these intervals. Maximum
(blue) and minimum (red) pressure values in the record for
transducer P4 deviate most strongly from the discrete pres-
sure values during portions of the first two warm intervals,
indicating elevated pressure pulse activity and thus larger and
more frequent basal slip events at these times. The relatively
steady, above‐flotation pressure values seen in the discrete
pressure record of P4 prior to day 231 indicate that an efficient
drainage system has not yet been established in this region of
the glacier. The sustained warm air temperatures during days
218–222 and 227–232 likely results in increased meltwater
production. If some fraction of this melt reaches the glacier
bed, it would enter a poorly‐developed subglacial drainage
system; this could destabilize the glacier. Several episodes
of destabilization are evidenced during days 221 and 231 by
(1) increased pressure pulse activity in the record of P4;
(2) multiple abrupt pressure changes in the records of P8 on
day 221 (Figure 6c), which indicate repeated damage to the
transducer; (3) additional damage sustained by P8 on day
231, following which no in‐range values are recorded; and
(4) damage to transducer P10 on day 231 (Figure 6d), which
results in an indicated 238 m pressure drop. The records
shown in Figure 6 thus indicate the occurrence of a “spring
event” [e.g., Iken et al., 1983; Röthlisberger and Lang, 1987;
Kavanaugh and Clarke, 2001; Copland et al., 2003; Mair
et al., 2003] associated with the establishment of a sub-
glacial drainage system at West Washmawapta Glacier in
summer 2008.
[31] Figures 10a and 10b show pressure pulse magnitude
and interevent time distributions for two 10 day intervals
during summer 2008, respectively. (In Figure 10, distribu-
tions are color‐coded as follows. First interval: DP+ = blue,
DP− = red; second interval: DP+ = green, DP− = magenta.)
The first interval covers 4–14 August (days 217–227) 2008,
and thus represents a period prior to establishment of the basal
drainage system (hereafter: EBD); the second interval covers
13–23 September (days 257–267) 2008, which follows EBD.
Both of these periods (delineated in Figure 6 by vertical
dotted lines) are relatively warm, averaging +8.6°C during the
first interval and +7.6°C during the second. During the first
interval, n+ = 21,718 positive‐amplitude and n− = 21,881
negative‐amplitude pressure pulses are detected; only ∼25%
as many (n+ = 5094 and n− = 5250) are recorded during the
second interval. Magnitude distributions for pressure pulses
prior to EBD (Figure 10a) exhibit gentler slopes (with b+ =
1.15 and b− = 1.12) than do those following EBD, for which
b+ = 1.50 and b− = 1.52. This indicates that large pulses
represent a greater proportion of pulse events prior to EBD
than afterwards; similarly, the largest pulse recorded during
the first interval (DP− = 140 m) is nearly twice the amplitude
of the largest pulse recorded during the second (DP− = 76 m).
Interevent time distributions for the two intervals (Figure 10b)
show that short (ti < ∼0.01 day) wait times are more prevalent
prior to EBD than afterward; furthermore, longer wait times
are observed after EBD, with max(ti) ≈ 12 hr (compared to
max(ti) ≈ 5 hr during the first interval).
[32] One potential explanation for the change in pres-
sure pulse distributions between these two intervals is that
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EBD increased the hydraulic connection of the borehole to
the surrounding region, allowing water to escape or enter
the borehole during pulse events. Such water movement
would reduce the apparent amplitude of pressure pulses,
resulting in lower magnitudes and, potentially, “missed”
events, which might increase the apparent interevent
times. However, no evidence for such a change is seen in
the record for P4. Figure 11 shows PD (black), PM (blue)
and PN (red) pressure values recorded during a 2‐hour
interval at the time of peak diurnal pressures on day 264
(20 September); inspection of Figures 6a and 6b show that
this day was near the end of the third warm interval,
during a time of significant pulse activity. Given that
pressure pulses are generated by elastic bulk compression
of the water within the borehole and the surrounding ice
[Kavanaugh, 2009], the pressure measured immediately
after the pulse would differ from that measured immedi-
ately before it if the volume of water contained in the
borehole changed during a pulse event. Such changes are
not observed in Figure 11. Instead, the pre‐pulse pressure
value is reliably regained immediately following a pulse
event, indicating that the volume of water within the
borehole remained constant during the short‐duration events
[Kavanaugh, 2009]. Conversely, longer‐term pressure equi-
librium between the borehole and underlying sediments is
demonstrated by the presence of diurnal pressure variations
in the record of P4. These hydraulic behaviors might be
explained the presence of basal sediment, which could
provide an effective seal against water flow on short time-
scales while allowing pressure equalization between the
borehole and basal drainage system on longer timescales;
alternately, sediment infill of the lower portion of the
borehole (evident during redrilling of a nearby borehole for
repeat inclinometry) could produce similar hydrological
characteristics.
[33] The pressure record of transducer P4 thus indicates
that the changes in magnitude and pressure pulse distribu-
tions following EBD in Figure 10 represent real changes
in the glacier’s dynamics. Compared to the first (i.e., pre‐
establishment) interval, the second interval shows (1) a ∼75%
decrease in the number of pressure pulses recorded, (2) an
increased b value, indicating that relatively fewer large‐
amplitude pulses were recorded, (3) smaller maximum‐
amplitude pressure pulses, and (4) generally longer interevent
times between pulses. These changes suggest that EBD had a
significant impact on the stress state of the glacier. Additional
information about the stress state might be gained by exam-
ining the evolution of the magnitude distribution exponent
b over this interval. Rock microfracture experiments by
Scholz [1968] showed that the b value of acoustic emis-
sions decreases with increasing shear stress. Hainzl and
Fischer [2002] subsequently expanded this interpretation,
attributing decreases in b values during a 2000 earthquake
swarm event in Vogtland/NW Bohemia to increases in
shear stress relative to the Coulomb failure stress; such
increases can result from either increases in shear stress or
increased pore water pressure within the fault zone. Given
the phenomenological similarities between earthquake fault
zones and the ice–bed interface of a glacier [Bahr and
Rundle, 1996; Kavanaugh, 2009], we here investigate
whether b values of the pressure pulse distributions can
yield similar information about the stress state of the ice–
bed interface.
[34] Figure 6f shows b values (calculated daily with a time‐
centered 2 day window) spanning the 60 day period around
EBD in summer 2008. The number of positive and negative
pressure pulses recorded during these intervals range 485 ≤
n+ ≤ 6933 and 514 ≤ n− ≤ 6800; given the near‐linearity of
the 2 day pulse magnitude distributions, one‐sigma uncer-
tainties in b are <0.01. Values for b+ range between 0.96 and
2.43 during the interval, while b− ranges 0.95–1.92. Prior to
EBD on day 231, b values are generally out‐of‐phase with air
temperature values, exhibiting low values during the warm
intervals of days 218–222 and 227–232. In contrast, the
warm period of days 258–266 (following EBD) is marked
by an initial increase in b values, followed by a decrease
after ∼4 days. Inspection of Figure 3f shows that values for
b+ and b− are generally similar, typically agreeing to
within ∼±0.2 throughout the interval shown (though devi-
ating by as much as ±0.4). While it remains unclear how
significant small changes in b values are, this record
suggests that variations larger than ∼0.2–0.5 can be consid-
ered dynamically important.
[35] If the b value interpretations of Scholz [1968] and
Hainzl and Fischer [2002] hold for the ice–bed interface,
these results indicate that basal stresses were nearest the yield
strength of the bed during the two warm intervals prior to
EBD, and that following EBD, the glacier’s sensitivity to
subsequent influxes of meltwater (which would be expected
during days ∼258–266) was significantly reduced, requiring
several days of (inferred) enhanced melt to reduce stability.
These interpretations are supported by the following details in
the basal water pressure records: (1) Damage to transducers
P8 and P10 (Figures 6c and 6d) occurs at times when b values
indicate that basal stresses are closest to the yield strength of
the bed, making large slip events more likely. (2) The period
of lowest pressure pulse activity and amplitude values in the
record of P4 (Figure 6b) in this interval occurs during days
257–264, indicating that slip events are both smaller and less
numerous at this time; accordingly, the largest b values
are observed during this interval. The observed changes in
b values likely represent variations in the stress state with
respect to an areally‐averaged failure strength. When shear
stresses are below this areal average, stress perturbations
resulting from failure at weak points are more readily
accommodated by neighboring pinning points, thus limiting
the propagation of failure and resulting in relatively fewer
large‐magnitude events (and hence larger b values). At
stresses closer to the areal average, slip‐induced stress trans-
fers are more likely to overwhelm adjacent pinning points,
Figure 11. Discrete (black), maximum (blue), and mini-
mum (red) pressure values recorded by transducer P4 during
a 2hr interval on 20 September (day 264) 2008, with the local
flotation pressure (dashed line) shown for comparison.
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resulting in a larger proportion of large‐magnitude events
and thus lower b values.
4. Conclusions
[36] Water pressure pulses were measured at Storglaciären
(SG), Sweden, and West Washmawapta Glacier (WWG),
British Columbia, Canada. At each glacier, thousands of
pulses were recorded, with both positive and negative ampli-
tudes. Examination of these pulses indicate the following:
(1) Pulse magnitudes from both glaciers are well‐fit by
power law distributions similar to those observed for pulses
recorded at Trapridge Glacier (TG); distributions of this form
are likely to result from the propagation of slip‐induced
failure due to the elastic transfer of stress onto neighboring
pinning points [Kavanaugh, 2009]. In contrast, interevent
time distributions for SG and WWG deviate from the power
law distributions observed at TG, suggesting that these gla-
ciers are near‐critical and sub‐critical, respectively; at WWG,
the sub‐critical stress state might be maintained by the pres-
ence of a riegel located down‐glacier from the study site.
(2) Comparison of pressure pulse activity with meteorologi-
cal conditions at SG suggests that water loading of the glacier
surface during precipitation events can trigger failure of the
glacier bed, and further suggests that stress conditions at the
glacier bed can be readily maintained at the threshold of
failure. (3) Changes in pressure pulse behaviour following a
2008 “spring event” at WWG suggest that basal motion is
more sensitive to meltwater input before the establishment of
an efficient basal drainage than afterward. This indicates that
the establishment of basal drainage can result in increased
glacier stability (as inferred by Kavanaugh and Clarke
[2001]) and decreased sensitivity to meltwater input (as
noted by Bingham et al. [2005]), and suggests that the rela-
tionship between meltwater production and glacier flow is
more complicated than commonly assumed.
[37] This study (and that of Kavanaugh [2009]) indicates
that the monitoring of pressure pulses can provide a use-
ful complement to far‐field seismic observations, and is
particularly useful for (1) the study of frictional behaviors
that result from critical or near‐critical basal stress states
and (2) the interaction of these behaviors with external
forcings, such as surface weather conditions, and mitigating
factors, such as the presence of nearby sticky spots. While,
to date, this method has been applied only at relatively
small glaciers, its application might also provide useful
insight into the linkages between hydrological conditions
and ice dynamics in larger ice caps and ice sheets, a topic of
considerable current interest [e.g., Bell et al., 2007; Fricker
et al., 2007; Shepherd et al., 2009].
[38] Acknowledgments. This research was funded by the National
Science and Engineering Research Council of Canada, the U.S. National
Science Foundation (EAR‐0518608 and EAR‐0541918), the University
of Alberta, and Alberta Ingenuity. We thank N. Iverson for coordinat-
ing the fieldwork at Storglaciären, P. Jansson for aiding in fieldwork and
for use of the meteorological data, J. Byers and M. Mathison for assis-
tance in calibrating and installing the transducers at Storglaciären, and
the Stockholm University Tarfala Research Station staff. We thank the B.
C. Ministry of Agriculture and Lands for permission to conduct field
research at West Washmawapta Glacier and J. Beckers for his assistance
in installing the pressure transducers at West Washmawapta Glacier. We
also thank R. Bingham and two anonymous reviewers for suggestions for
improving the manuscript.
References
Anandakrishnan, S., and C. R. Bentley (1993), Micro‐earthquakes beneath
ice streams B and C, West Antarctica: Observations and implications,
J. Glaciol., 39(133), 455–462.
Bahr, D. B., and J. B. Rundle (1996), Stick‐slip statistical mechanics at the
bed of a glacier, Geophys. Res. Lett., 23(16), 2073–2076.
Bak, P. (1996), How Nature Works: The Science of Self‐Organized Critical-
ity, 212 pp., Springer‐Verlag, New York.
Bak, P., C. Tang, and K. Weisenfeld (1988), Self‐organized criticality,
Phys. Rev. A, 38(1), 364–374.
Bell, R. E., M. Studinger, C. A. Shuman, M. A. Fahnestock, and I. Joughin
(2007), Large subglacial lakes in East Antarctica at the onset of fast‐
flowing ice streams, Nature, 445, 904–907, doi:10.1038/nature05554.
Bingham, R. G., P. W. Nienow, M. J. Sharp, and S. Boon (2005), Sub-
glacial drainage processes at a High Arctic polythermal valley glacier,
J. Glaciol., 51(172), 15–24.
Blake, E. W. (1992), The deforming bed beneath a surge‐type glacier: Mea-
surements of mechanical and electrical properties, Ph.D. Dissertation,
Univ. of British Columbia, Vancouver, B.C., Canada.
Blake, E. W., G. K. C. Clarke, and M. C. Gérin (1992), Tools for examin-
ing subglacial bed deformation, J. Glaciol., 38(130), 388–396.
Clarke, G. K. C. (2003), Load sensitivity of a surge‐type glacier, Eos
Trans. AGU, 84(46), Fall Meet. Suppl., Abstract C22A‐03.
Copland, L., M. Sharp, and P. Nienow (2003), Links between short‐term
velocity variations and the subglacial hydrology of a polythermal glacier,
J. Glaciol., 49(166), 337–348.
Deichmann, N., J. Ansorge, F. Scherbaum, A. Aschwanden, B. Bernardi,
and G. H. Gundmundsson (2000), Evidence for deep icequakes in an
Alpine glacier, Ann. Glaciol., 31, 85–90.
Descamps, F. (2009), Measurement of sound speed versus depth in
Antarctic ice with the South Pole Acoustic Test Setup, Nucl. Instrum.
Methods Phys. Res., Section A, 604(1–2), Suppl. 1, S175–S178,
doi:10.1016/j.nima.2009.03.062.
Ekström, G., M. Nettles, and G. A. Abers (2003), Glacial earthquakes,
Science, 302(5645), 622–624, doi:10.1126/science.1088057.
Ekström, G., M. Nettles, and V. C. Tsai (2006), Seasonality and increas-
ing frequency of Greenland glacial earthquakes, Science, 311(5768),
1756–1758, doi:10.1126/science.1122112.
Flowers, G. E., and G. K. C. Clarke (1999), Surface and bed topography of
Trapridge Glacier, Yukon Territory, Canada: Digital elevation models
and derived hydraulic geometry, J. Glaciol., 45(149), 165–174.
Fountain, A. G., R. W. Jacobel, R. Schlichting, and P. Jansson (2005),
Fractures as the main pathways of water flow in temperate glaciers,
Nature, 433, 618–621, doi:10.1038/nature03296.
Fricker, H. A., T. Scambos, R. Bindschadler, and L. Padman (2007), An
active subglacial water system in West Antarctica mapped from space,
Science, 315(5818), 1544–1548 doi:10.1126/science.1136897.
Gutenberg, B., and C. F. Richter (1954), Seismicity of the Earth and Associ-
ated Phenomena, 2nd ed., 310 pp., Princeton Univ. Press, Princeton, N. J.
Hainzl, S. (2003), Self‐organization of earthquake swarms, J. Geodyn., 35,
157–172.
Hainzl, S. (2004), Seismicity patterns of earthquake swarms due to fluid
intrusion and stress triggering, Geophys. J. Int., 159, 1090–1096.
Hainzl, S., and T. Fischer (2002), Indications for a successively triggered
rupture growth underlying the 2000 earthquake swarm in Vogtland/
NW Bohemia, J. Geophys. Res., 107(B12), 2338, doi:10.1029/
2002JB001865.
Hainzl, S., T. Kraft, J. Wassermann, H. Igel, and E. Schmedes (2006), Evi-
dence for rainfall‐induced earthquake activity, Geophys. Res. Lett., 33,
L19303, doi:10.1029/2006GL027642.
Hill, D. P. (1977), A model for earthquake swarms, J. Geophys. Res., 82(8),
1347–1352.
Hock, R. (1999), A distributed temperature‐index ice‐ and snowmelt model
including potential direct solar radiation, J. Glaciol., 45(149), 101–111.
Hock, R., and R. LeB. Hooke (1993), Evolution of the internal drainage
system in the lower part of the ablation area of Storglaciären, Sweden,
Geol. Soc. Am. Bull., 105, 537–546.
Holmlund, P., andM. Eriksson (1989), The cold surface layer on Storglaciären,
Geogr. Ann., 71(3), 241–244.
Iken, A., H. Röthlisberger, A. Flotron, and W. Haeberli (1983), The uplift
of Unteraargletcher at the beginning of the melt season – A consequence
of water storage at the bed?, J. Glaciol., 29(101), 28–47.
Iverson, N. R., B. Hanson, R. LeB. Hooke, and P. Jansson (1995), Flow
mechanisms of glaciers on soft beds, Science, 267(5194), 80–81.
Kavanaugh, J. L. (2009), Exploring glacier dynamics with subglacial water
pressure pulses: Evidence for self‐organized criticality?, J. Geophys.
Res., 114, F01021, doi:10.1029/2008JF001036.
Kavanaugh, J. L., and G. K. C. Clarke (2000), Evidence for extreme pres-
sure pulses in the subglacial water system, J. Glaciol., 46(153), 206–212.
KAVANAUGH ET AL.: PRESSURE PULSE SEISMOLOGY F04025F04025
13 of 14
Kavanaugh, J. L., and G. K. C. Clarke (2001), Abrupt glacier motion and
reorganization of basal shear stress following the establishment of a
connected drainage system, J. Glaciol., 47(158), 472–480.
Kavanaugh, J. L., and G. K. C. Clarke (2006), Discrimination of the flow
law for subglacial sediment using in situ measurements and an inter-
pretation model, J. Geophys. Res., 111, F01002, doi:10.1029/
2005JF000346.
Kavanaugh, J. L., and P. L. Moore (2010), A peak‐capturing measurement
circuit for detecting and recording short‐duration glacial signals, J. Glaciol.,
56(195), 41–47.
Kohnen, H. (1974), The temperature dependence of seismic waves in ice,
J. Glaciol., 13(67), 144–147.
Mair, D., I. Willis, U. H. Fischer, B. Hubbard, P. Nienow, and A. Hubbard
(2003), Hydrological controls on pattern of surface, internal, and basal
motion during three “spring events”: Haut Glacier d’Arolla, Switzerland,
J. Glaciol., 49(167), 555–567.
Moore, P. L. (2009), Dynamics of ice flow and sediment transport at a
polythermal glacier terminus: Storglaciären, Sweden, Ph.D. Dissertation,
Iowa St. Univ., Ames, Iowa, USA.
Raleigh, C. B., J. H. Healy, and J. D. Bredehoeft (1976), An experiment in
earthquake control at Rangely, Colorado, Science, 191(4233), 1230–1237.
Röthlisberger, H., and H. Lang (1987), Glacial hydrology, in Glacio‐
Fluvial Sediment Transfer: An Alpine Perspective, edited by A. M. Gurnell
and M. J. Clark, pp. 207–284, John Wiley, Hoboken, N. J., USA.
Sanders, J. W., K. M. Cuffey, K. R. MacGregor, J. L. Kavanaugh, and C. F.
Dow (2010), Dynamics of an alpine cirque glacier, Am. J. Sci., in press.
Scholz, C. H. (1968), The frequency‐magnitude relation of microfractur-
ing in rock and its relation to earthquakes, Bull. Seismol. Soc. Am., 58,
399–415.
Shepherd, A., A. Hubbard, P. Nienow, M. King, M. McMillan, and
I. Joughin (2009), Greenland ice sheet motion coupled with daily melting
in late summer, Geophys. Res. Lett., 36, L01501, doi:10.1029/
2008GL035758.
Stone, D. B. (1993), Characterization of the basal hydraulic system of a
surge‐type glacier: Trapridge Glacier, 1989–92, Ph.D. Dissertation,
Univ. of British Columbia, Vancouver, B.C., Can.
Stuart, G., T. Murray, A. Brisbourne, P. Styles, and S. Toon (2005),
Seismic emissions from a surging glacier: Bakaninbreen, Svalbard,
Ann. Glaciol., 42, 151–157.
Sykes, L. R. (1970), Earthquake swarms and sea‐floor spreading, J. Geophys.
Res., 75(32), 6598–6611.
Van Wormer, D., and E. Berg (1973), Seismic evidence for glacier motion,
J. Glaciol., 12, 259–265.
Weaver, C. S., and S. D. Malone (1979), Seismic evidence for discrete
glacier motion at the rock–ice interface, J. Glaciol., 23(89), 171–184.
Wiens, D. A., S. Anandakrishnan, J. P. Winberry, and M. A. King (2008),
Simultaneous teleseismic and geodetic observations of the stick‐slip
motion of an Antarctic ice stream, Nature, 453, 770–774, doi:10.1038/
nature06990.
C. F. Dow, Department of Geography, University of Wales Swansea,
Singleton Park, Swansea, GB‐SA2 8PP, U.K.
J. L. Kavanaugh, Department of Earth and Atmospheric Sciences,
University of Alberta, 1‐26 Earth Sciences Bldg., Edmonton, Alberta,
CA‐T6G 2E3, Canada. ( jeff.kavanaugh@ualberta.ca)
P. L. Moore, Department of Geological and Atmospheric Sciences, Iowa
State University, Ames, IA 50011, USA.
J. W. Sanders, Department of Earth and Planetary Science, University
of California, Berkeley, CA 94720, USA.
KAVANAUGH ET AL.: PRESSURE PULSE SEISMOLOGY F04025F04025
14 of 14
